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1 

SALINE SOLUBLE INORGANIC FTORES 

This invention relates to saline soluble, non-metallic, amorphous, inorganic 
oxide, refiactoiy filnous materials. The invention particularly relates to glassy 
fibres having silica as their principal constituait. 

Inorganic fitn-ous materials are well known and widely used for many 
purposes (e.g. as theraial or acoustic insulation in bulk, mat, or blanket form, as 
vacuum formed shapes, as vacuum fonned boards and p^>er5, and as ropes, 
yams or textiles; as a reinforcing fibre for building materials; as a constitaent of 
brake blocks for vehicles). In most of these q}plicatioQs the properties for which 
inorganic fibrous materials are used require resistance to heat, and often 
resistance to aggressive chemical environments. 

Inorganic fibrous materials can be either glassy or crystalline. Asbestos is 
an inorganic fibrous material one form of which has been strongly inq)licated in 
respiratory disease. 

It is still not clear what the causative mechanism is tiliat rdates some 
asbestos with disease but some researchers believe that tiie mechanism is 
mechanical and size related. Asbestos of a critical size can pierce cells in die 
body and so, through long and repeated cell injury, have a bad effect on health. 
Whedier diis mechanism is true or not regulatory agencies have indicated a desire 
to categorise any inorganic fibre product that has a respiratory fi:action as 
hazardous, regardless of whether diere is any evidence to support such 
categorisation. Unfortunately for many of the applications for whidi inorganic 
fibres are used, there are no realistic substitutes. 

Accordingly diere is a demand for inorganic fibres that will pose as little 
risk as possible (if any) and for which there are objective grounds to beUeve them 
safe. 

A line of study has proposed that if inorganic fibres were made that were 
sufBciently soluble in physiological fluids that their residence time in the human 
body was short; then damage would not occur or at least be minimised. As the 
risk of asbestos linked disease appears to depend very much on the length of 
exposure diis idea appears reasonable. Asbestos is extremely insoluble. 
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As into'cellular fluid is saline in nature the inq)ortance of fibre solubility in 
saline solution has long been recognised. If fibres are soluble in physiological 
saline solution then, provided the dissolved components are not toxic, die fibres 
should be safer than fibres which are not so soluble. The shorter the time a fibre 
is resident m the body the less damage it can do. H. Fdrster in "The behaviour of 
mineral fibres in physiological solutions' (Proceedings of 1982 WHO lARC 
Conference, Copenhagen, Volume 2, pages 27-55(1988)) discussed the 
behaviour of commercially produced mineral fibres in physiological saline 
solutions. Fibres of widely varying solubility were discussed. 

Intemationai Patent i^lication No. WO87A)5007 disclosed that fibres 
comprising magnesia, silica, calcia and less than 10 wt% ahnniiia are soluble in 
saline solution. The solubilities of the fihes disclosed were in terms of parts per 
million of silicon (extracted fix)m die silica containing material of the fibre) 
present in a saline solution after 5 hours of e?q)osure. The highest value revealed 
in the examples had a silicon level of 67 ppm. In contrast, and adjusted to the 
same regime of measurement, the hi^est level disclosed in the Fdrster paper was 
equivalent to syiproximately 1 ppm. Converse^ if the highest value revealed in 
die International Patent Application was convGfted to die same measurement 
regime as the Fdrster paper it would have an extraction rate of 901,500 mg Si/kg 
fibre - i.e. some 69 times higher than any of die fibres Fdrster tested, and the 
fibres diat had the hi^est extraction rate in the Fdrster test were glass fibres 
wiuch had high alkaU contents and so would have a low melting point. This is 
convincingly better performance even taking into account Actors such as 
differences in test solutions and duration of ejqieriment. 

Intemationai Patent Application No. WO89/12032 disclosed additional 
fibres soluble in saline solution and discusses some of the constiments that may 
be present in such fibres. Among such constituents are ZrO, and this document 
claims (among oth^ things) processes using fibres of composition (in weight 
%):- ZrOj 0.06-10%; SiOj 35-70%; MgO 0-50%; CaO 0-64.5%. However the 
patent actually discloses a much more limited range of zirconia containing 
materials. 

European Patent AppUcation No. 0399320 disclosed glass fibres having a 
high physiological solubility. 

Further patent specifications disclosing selection of fibres for their saline 
sohibility include for example European 0412878 and 0459897, French 2662687 
and 2662688, PCTWO86/04807, WO90/02713, WO92/09536, and 
W093/22251, and United States 5250488. 
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The refiactoriness of the fibres disclosed in these various prior art 
documents varies considerably. The maximum service temperature of any of the 
above mentioned fibres (when used as refractory insulation) is uo to 815«C 
(1500T). *^ 

Among saline soluble commercial fibres usable at tempeiatures higher than 
81 5°C are SUPERWOOL ™ a fibre manufactured by The Morgan Crucible 
Company pic and which has a maximum use temperature of 1050'C and a 
composition of SiO, 65wt%; CaO 29wt%; MgO 5wt%; MO, 1 wt%. A similar 
fibre is INSULFRAX ™ a fibre made by Carbonmdum Company which has a 
continuous use limit of 1000«^ (1832T) and which melts at 126(yc (2300T). 
This has a composition of SiO, 65wt%; CaO 31.1wt%; MgO 3.2wt%: A1,0, 
0.3wt%andFe2O3 0.3wt%. * 

The applicant's eariier International Patent AppUcation WO93/15028 
disclosed saUne soluble fibres comprising CaO, MgO and SiO, and optionally 
ZiO, usable at tenq)eratures in excess of lOOO'C but gave no indication that 
fibres could be used at still hig|ier temperatures. That same appUcation also 
discloses methods of predicting the saline solubiUty of glasses and fiir screening 
for the refiactoriness of glasses, although whetiier such glasses can form fibres is 
a complex fimction of many characteristics, e.g. viscosity. 

hi discussing the above mentioned predictive methods hiteraational Patent 
Application WO93/I5028 mentions some compositions containing strontium 
oxide as a constituent but fibres of diese conq)ositions were not made. 

The appUcants have realised Aat failure of fibres at high temperature 
occurs primarily upon devitrification of the fibre; if on devitrification insufScient . 
silica is left tiie fibres will feil through having a shrinkage of greater than 3.5%. 
Accordingly the appUcants have looked to what materials are formed on 
devitrification and in their earlier hiteniational Patent Application No. 
PCT/GB94/00053 they disclose refractory fibres comprising CaO. SiO,, MgO, 
optionally Zr02 , optionally less than 0.75mol% Al^O, and in which die SiO, 
excess (defined as die amount of SiO, calculated as remaining after the above 
named constituents are ciystalhsed as silicates) exceeds 21. 8mol%. 
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The physical basis for the impoitance of SiOj excess may be that it 
indicates how much silica is left to maintain a glassy phase on crystallisation of 
the other constituents as silicate materials. Further, the silicate materials that 
foim on devitrification may become liquid or flow at 1260T so causing 
shrinkage. 

The applicants have found that some systems conqnising strxmtium oxide 
calcium oxide and silica may form fibres usable at temperatures of up to 1260*0 
whereas other strontium containing systems do not form such usable fibres. In 
particular the applicants have found that partial replacement of SiO for MgO in 
the CaO/MgO/CZrOjXSiOj fibres of their earlier application PCT/GB94/00053 
does not result in success >^ereas substitution of SiO for MgO tends to give 
usable fibres. 

Accordin^y the presort invention provides a refi:actoiy fibre for vtiiich a 
vacuum cast preform of the fibre has a shrinkage of 3.5% or less when e?q>osed 
to \2^C for 24 hours and comprising CaO, SiO^, SiO, and optionaUy ZrO^ any 
incidental inq)urities amounting to less fiian 2mol% in total, and in which the 
SiOj excess (defined as die amount of SiO, calculated as remaining after the 
above named constituents are crystallised as silicates) exceeds 26mol%. 

The quantity of potentially fluxing constituents such as alkali metals and 
other incidental impurities (e.g. iron oxides) should be kept low. 

From the compositions tested it appears that preferably the fibre comprises:- 

CaO less than 33.8 mol% 
SiOj more than 62. 1 mol%. 

and more preferably comprises:- 

CaO 12.9 to 31.9 mol% 
SiO 2.6 to 15.5 mol% 
SiO, 63.2 to 71.3 mol% 
ZrO', 0to5.4mol%. 

The applicants have investigated, for their saUne solubility and 
refiactoriness, a range of fitne compositions. These fibres were formed by 
blowing the molten constituents fiom a melt stream in a conventional manner but 
the invention is not limited to blown fibres and also encompasses Sbns formed 
by spinning or any other means. 
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Tables 1 & 2 show the results of these tests. Table 1 is divided into the 
CaO-SiO-ZiOj-SiO, system, the CaO-SrO-SiO, system, and some comparative 
examples (which were never made as fibres). T^le 1 indicates for each fibre the 
linear shrinkages at 800, 1000. 1200, and 1260°C (not all samples measured at 
eveiy temperature); mole percent composition (based on the constituents CaO, 
MgO, SrO, ZrOj, Al,©,, TiO, and SiO, ); crystolline constituents foimed on 
devitrification (see below); SiO, excess (calculation for this figure shown below) 
and, for the CaC)-SrO-Si02 fibres and comparative exanqsles, the calculated 
CaSiOj to SrSiO, ratio. Each sample that has a satisfactory shrinkage of 3.5% 
or less at 1260^C is indicated by a composition shown in bold. Those 
compositions that M to meet the shrinkage criterion are indicated in plain text. 

Table 2 shows for the CaO-SrO-ZrOj-SiO, system and the 
CaO-SrO-SiO, system the solubilities (as parts per million) of selected 
constituents of the fibres in saline solution measured by the method described 
below and shows the total of the named solubilities. This table is ordered in the 
same manner as Table 1 for convenient comparison. 

3 strontium containing systems were investigated. These are:- 

CaO-MgO-SrO-SiO, 

CaO-SrO-SiO, 

CaO-SrO-ZKX-SiOj 

In the CaO-MgO-SrO-SiO, system very poor results were found - MgO 
and SrO evidently being incompatible - and so the present invention treats MgO 
as an incidental impurity that must be held widiin the 2moI% total given above. 
The applicants have good reason to believe that the maximum level for MgO may 
be as low as 1% and preferably the MgO content is kept as low as possible. To 
some extent therefore SiO may be treated as being in substitution of MgO in the 
fibres of PCT/GB94/00053. 

The CaO-SiO-SiO, and CaO-SrO-ZiO^-SiO, systems are discussed 
separately below. 

(1) CaO-SrO-SiOj 

This is a simple system in that only CaSiO,. SrSiO, and SiOj crystallise. 
Therefore all the CaO forms as CaSiO, and all the SiO forms as SrSiOj. The 
resulting excess SiO, can then be calculated. However CaSiO, and SrSiO, foim 
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a complete solid solution between them, with the melting point being 1580°C for 
SrSiOj and 1540T for CaSiO, , and with a minimum in melting point lying 
between these extremes. It is reasonable to expect that compositions having 
significant quantities of both CaSiO, and SrSiO, will have lower mehing points 
than either those containing hi^ CaSiOj and low SrSiO, , or those containing 
high SrSiOj and low CaSiO, contents. Table 1 shows tiiat for those fibres with 
a CaSiOj /SrSiO, ratio of greater tiian 2 (those fibres tying below line "A") a 
silica excess of greater than 26mol% neatly divides the woikable fibres (having 
preform shrinkages of less than 3.5% and shown in bold) fi-om those that are not. 
For those fibres above line "A" where the CaSiO, /SrSiO, ratio is less than 2 a 
silica excess of 34mol% is required to divide the woikable from the unworkable 
compositions. However the iq)plicaiits suspect that diere will be a Iowa limit 
(perhaps around CaSiO, /SrSiO, ratio 0.5) below which a lower silica excess will 
prevail again. 

(2\ CaO-SrO-ZrO..SiO^ 

This is a more complicated system than the CaO-SrO-SiOj ^stem, witii at 
least 5 components oystallising out. These are 2CaO.Zi0^.4SiC>2, 
6SrO.ZrO,.5Si02, CaSiO,. SrSiO, and SiO,. 

For those compositions studied all the ZrO, ciystallises as 
2CaO.ZrO,.4Si02 and 6S1O.Z1O2.5SiO, (if more ZrO, is present ZiOj.SiO, wtfl 
crystallise also). To fit the relative amounts of phases indicated by X-ray 
analysis the assumption has been made that the diermodynamics of formation of 
the 2CaO.Zr02.4Si02 and 6SrO.Zr02.5Si02 phases are veiy similar and that die 
distribution of ZrO, between these phases can be dealt with statistically. The 
relative ratios of these phases is then determined by die ratios of the CaO and 
SrO of the initial composition. The issue is further complicated by the fact that 
in these phases there are 2CaO's per ZrO, and 6SrO's per ZiO, respectively l£» 3 
times more SrO to CaO is required to form equal amounts of 2CaO.ZrO,.4SiO, 
and 6SrO.ZrO,.5SiO,. Therefore to calculate how the ZrO, is split between 
2CaO.ZrO2.4SiO, and 6SrO.ZrO,.5SiO, the applicants calculate die ratio of 
CaO/SrO and multiply by 3, because the CaO is 3 times more likely to form 
2CaO.ZrO,.4SiO, than SrO is to form 6SrO.ZiO,.5SiO,. The ZrO, content is 
divided by this figure to give the amount of 6SrO.ZrO,.*5SiO, produced. The 
remaining ZrO, forms 2CaO.ZrO,.4SiO,. (Of course if fliere is sufScient ZrO, 
to exhaust either the CaO or SrO the calculation must be modified accordingly). 
Now any remaining CaO forms CaSiO, and any remaining SrO forms SrSiO,. 
The remaining excess SiO, can dien be calculated. 
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Witb all these SrO containing compositions there will be inevitable 
discrepancies around the boundary areas. Small changes in the composition of 
only 0. 1-0.2% are usuafly suflBcient to be the difference between Mure and pass 
at the boundary. In these systems there are considerable difBculties in 
analysing for SrO, CaO and SiO, togethw by X-ray fluorescence (XRF) because 
their XRF spectra interfere with each otiier thereby making it difficult to 
construct an accurate quantitative XRF programme for these systems. This 
means the accuracy of the reported compositions is less than would be expected 
for general XRF samples. 

TTiese fectors may explain why two compositions (F29 and Fl 6) in the 
CaO-SiO-ZiOj-SiOj system show as Mures when their excess SiO, figure 
would indicate them as being potentially useful fibres. 

Under the heading "Comparative compositions" in Table I are shown two 
types of material. Those with the prefix "SCS" are compositions mentioned in 
WO/93/15028 as being potential refiactoiy glass forming compositions. None of 
these fibres were made and as win be seen firan the figures for excess SiO, given 
would not fan within the scope ofthe present application. The compositions 
shown with the prefix "BS" are ^bres made containing appreciable amounts of 
both MgO and SiO and as can be seen these materials have an unsatis&ctoiy 
shrinkage. SiUca excesses have not been calculated for these compositions. 

The applicants have looked to the various incidental impurities that can 
occur in inorganic oxide refiactoiy fibres (e.g. alkah oxides and iron oxide) and 
have found that the impurity levels that can be tolerated vary accoiding to the 
proportions ofthe main constituents of the fibre. Fibres containing high levels of 
ZrO, for example can tolerate higher levels of NajO or FejO, than fibres with 
low levels of ZrO,. Accordingly the applicants propose a maximum level of 
incidental impurities of 2mol%, the maximum level that wiU be tolerable will 
however vary as mentioned above. 

The foUowing describes in detail the methods used to measure shrinkage 
and solubility. 

Shrinkage was measured by proposed ISO standard ISO/TC33/SC2/N220 
(equivalent to British Standard BS 1920, part 6,1986) with some modifications to 
account for smaU sample size. The method in summary comprises the 
manu&cture of vacuum cast prefoims, usmg 75g of fibre in SOOcm' of 0.2% 
starch solution, into a 1 20 x 65mm tool. Platinum pins (approximately 
0.1-0.3mm diameter) were placed 100 x 45mm apart in the 4 comers. The 



wo 96/02478 



PCT/GB9SniS26 



8 

longest lengths (LI & L2) and the diagonals (L3 & L4) were measured to an 
accuracy of ±5fim using a travelling microscope. The samples were placed in a 
furnace and ramped to a temperature SVC below the test temperature at 
400T/hour and ramped at 1 20°C/hoiir for the last 50°C to test temperature and 
left for 24 hours. The shrinkage values are given as an average of die 4 
measurements. 

It should be noted that although this is a standard way of measuring 
shrinkage of fibre it has an inherent variability in that the finished density of the 
preform may vary depending on casting conditions. Further it should be noted 
^t fibre blanket will usually have a higlier shnnkage than a prefim made of 
the same fibre. Accordin^y die 3.5% figure mentioned in diis specification is 
likely to translate as a higher shnnkage in finished blanket. 

Solubility was measured by die following method. 

The fibre was first diopped • 2.5 g of fibre (deshotted by hand) was 
liquidised widi 250 cm^ of distilled water in a doinestic Moulinex (Trade Mark) 
food blender for 20 seconds. The suspension was thai transferred to a 500 cm^ 
plastic beaker and allowed to settle after which as much liquid as possible was 
decanted and the remaining liquid removed by drying in an oven at 1 10°C. 

The solubiUty test apparatus conqnised a shaking incubator water bath, 
and the test solution had die following conq)osition> 



Comoound 


Name 


Grams 


NaCl 


Sodium chloride 


6.780 


NH.Cl 


Ammonium chloride 


0.540 


NaHCOj 


Sodium bicarbonate 


2.270 


NaJIPO,.H,0 


Disodium hydrogen 


0.170 




phosphate 




Na3QaO,.2H,0 


Sodium citrate 


0.060 




dihydrate 




H,NCH,CO,H 


Glycine 


0.450 


H,SO^ s.g. 1*84 


Sulphuric acid 


0.050 



The above materials were diluted to 1 litre with distilled water to form a 
physiological-like saline solution. 
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0.500 grams ± 0.0003 grams of chopped fibre was weighed into a plastic 
centrifuge tube and 25 cm^ of the above sahne solution added. The fibre and 
saUne solution was shaken well and inserted into the shaking incubator water 
bath maintained at body temperature (37"C ± I'C). The shaker speed was set at 
20 cycles^iinute. 

After the desired period (usually 5 hours or 24 hours) the centrifuge tube 
was removed and centrifiiged at 4500 revs/minute for approximately 5 minutes. 
Supernatant liquid was then drawn oflf using a syringe and hypodennic needle. 
The needle was then removed fi-om the syringe, air expelled from the syringe, 
and the Uquid passed through a filter (0.45 micron ceUulose nitrate membrane 
filter paper fWCN type fiwm Whatman Labsales Limited]) into a dean plastic 
bottle. The liquid was then analysed by atomic absoiptiQn using a Ilienno Jairell 
Ash Smidi - Hie^e n machine 

The operating conditions were as follows using a nitrous oxide and 
acetylene flame:- 



FLAME 

Fuel Rich 
FudRich 
Fuel Lean 
Fuel Lean 
Fuel Lean 

The procedure and standards adopted for detennining die above elements 
were as set out below. 

SiO, can be deteraiined without dilution up to 250 ppm concentration (1 
ppm Img^itre). Above this concentration an appropriate dilution was made 
volumetrically. A 0. 1% KCl solution (0. Ig in 100 cm^) was added to the final 
dilution to prevent ionic imerference. NB If glass apparatus is used, prompt 
analysis is necessaiy. 

From a stock solution of 1 000 ppm pure ignited sihca (99.999%) (fused 
with NajCOj at 1200''C for 20 minutes in a platinum crucible (0.2500g SiOj/2g 
NajCOj) and dissolved m dilute hydrochloric add (4 molar) made up to 25dcm^ 
with distilled water m a plastic volumetric flask) the following standards were 
produced:- 





WAVELENGTH 


BAND 


ELEMENT 


iOffl) 


WIDTH 


Al 


309.3 


1.0 


SiO, 


251.6 


0.3 


CaO 


422.7 


1.0 


MgO 


285.2 


1.0 


SiO 


460.7 


0 



CURRENT 

8 

12 

7 
3 

12 
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STANPARP (ppm SiO^ 



STOCK SOLUTION rcm^^ 



10.0 
20.0 
30.0 
50.0 
100.0 
250.0 



1.0 
2.0 
3.0 

5.0 

10.0 

25.0 



Add 0.1% KG to each standard before making to 100cm\ 

Aluminium may be measured direcdy fiom the sanq)le without dilution. 
Standards of 1 .0, 5.0 and 1 0.0 ppm Al may be used. For cahbration reading are 
multiplied by 1 .8895 to convert firom Al to AlX>y 

A standard Al atomic absorption solution (e.g. BDH 1000 ppm Al) was 
bou^t and diluted using an accurate pipette to the desired concentration. 0.1% 
KCl was added to prevent ionic intei&rence. 

Calcium may require dilutions on the sample before detennination can be 
carried out (i.e. x 1 0 and x 20 dilittions). Dilutions must ccMitain 0. 1 % KCl. 

A standard Ca atomic absorption solution (e.g. BDH 1000 ppm Ca) was 
diluted witii distilled water and an accurate pipette to give standards of 0.5, 4.0 
and 10.0 ppm. 0.1% KCl is added to i»event ionic interference. To convert 
readings obtained from Ca to CaO a &ctor of 1 .4 was used. 

Strontium is measured against a standard atomic absorption solution 
(Aldrich 970nni/ml). Three standards are prepared to which 0.1%KC1 is added 
(Sr [ppm] 9.7,3.9 & 1 .9). Dilutions of xlO and x20 are nromally made to measure 
Sr level in the sanq}le. SiO is then calculated as 1 .1 83xSr. 

Magnesium may require dilutions on the sample before determinations can 
be made (i.e. x 1 0 and x 20). Add 0.1% KCl to each dilution. To convert Mg to 
M gO multiply by 1 .658. 

A standard Mg atomic absorption solution (e.g. BDH 1000 ppm Mg) was 
diluted with distilled water and an accurate pipette to give standards of 0.5, 1 .0 
and 1 0.0 ppm Mg. 0.1% KG was added to prevent ionic interference. 
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All stock solutions were stored in plastic bottles. 

^ The above has discussed resistance to shrinkage of preforms ejqiosed to 
1260*0 for 24 hours. This is an indication of the maximum use tenq)erature of a 
fibre, hi practice fibres are quoted for a maximum continuous use temperanire 
and a higher maximum exposure temperature. It is usual in industry when 
selecting a fibre for use at a given temperature to choose a fibre having a higher 
continuous use temperature than tiiat nominally required for the intended use. 
This is so Uiat any accidental increase in temperature does not damage the fibres. 
It IS quite usual for a margin of 100 to 150T to be given. Accordin^y this 
mvention extends to use of die claimed fibres at elevated temperatures (i.e. at 
temperatures where the refiactoriness of fibres is important) and not just to use at 



It will be evident that incidental impurity levels are preferably kept as low 
as possible. The applicants sunnise that as the various crystalline materials 
crystallise from the fibres impurities migrate to die grain boundaries and 
concentrate there. ITius a small hnpurity can have a very large effect. 
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CaO-SrO-Zr02-Si02 System 
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Soluoiiity (ppm) 
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Total 
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CaO-SrO-Si02 System 





Composiiioa 
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SolubUity (ppm) 
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CLAIMS 

1. A refractoiy fibre for which a vacuum cast preform of the fibre has a 
shrinkage of 3.5% or less when exposed to 1260'*C for 24 houre and 
comprising CaO, SiOj, SrO, and optionally ZrO, any incidental impurities 
amounting to less than 2mol% in total, and in which the SiO, excess 
(defined as the amount of SiO, calculated as remaining after the above 
named constituents are crystallised as sihcates) exceeds 26mol% 

2. A refiactoiy fibre as claimed in claim 1 and comprising:- 
CaO less than 33.8 moI% 

SiOj more than 62.1 mol%. 

3 . A refiactoiy fibre as claimed in claim 2 and conq)rising:- 
CaO 12.9 to 31,9 mol% 

SrO 2.6 to 15.5 mol% 
SiO, 63.2 to 71.3 mol% 
ZiO, 0to5.4mol%. 

4. A method of providing a saline soluble refiactoiy fibre for use at elevated 
temperatures comprising selecting a fibre as dahned in any of claims 1 to 
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